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We have isolated a full length complementary DNA clone (pCTnCl) from a 19-day embryonic chicken heart library corresponding to cardiac troponin C (TnC). Sequence analysis demonstrated varying homologies with TnC complementary DNA clones isolated from developing chick skeletal muscle. Using pCTnCl as a hybridization probe, we have determined that cardiac TnC is constitutively expressed in both atria and ventricles of the developing and adult heart. These data along with previous immunochemical studies of TnC expression demonstrate that the slow skeletal and cardiac muscle Isofonn is the only TnC expressed in the heart. In contrast, expression of slow skeletal and cardiac muscle TnC is developmentally regulated in skeletal muscles of the chicken. The tightly controlled expression of slow skeletal and cardiac muscle TnC in the varying myocyte types of the heart suggests a physiologically significant role of this regulatory protein. (Circulation Research 1989; 65:1241 -1246 T roponin is a protein comprised of three components located on the thin filament of striated muscle. 1 One subunit, troponin C (TnC), is a single polypeptide chain (MW, 18,000 Da) that binds calcium and is involved in the control of contraction. Structural and immunologic studies in a number of species have demonstrated that TnC exists in polymorphic forms that appear to be characteristic of each muscle type. 2 -6 TnCs from cardiac and slow skeletal muscles from different species are extremely homologous in amino acid sequence; they differ in only one of the 161 amino acids. 5 These data suggest that, although these species diverged 250 million years ago, functional pressures on this protein have restricted its divergence. 7 Amino acid composition, peptide map analysis, and molecular cloning have suggested that TnC of cardiac and slow skeletal muscles are the same product from a single gene. 5 -8 Furthermore, the amino acid sequence of TnC has many points of similarity with that of other calcium-binding proteins such as calmodulin, myosin light chain two, and parvalbumin. 8 -9 It has been suggested that these proteins evolved from a smaller ancestral precursor by successive gene duplication events. 10 The structure of specific TnC isoforms has been preserved among different species, but significant variations exist between different TnC isoforms within the same animal. Whereas cardiac and fast skeletal TnC isoforms possess two high affinity divalent cation binding sites, the cardiac protein has lost one of the two calcium-specific sites. 3 -11 This variation in the ability to bind calcium is thought to be physiologically significant in the regulation of muscle contraction.
Although the amino acid sequence and antigenic diversity of TnC isofonns have been studied in a number of species and tissues, several questions remain concerning the expression of this physiologically important protein in cardiac and skeletal muscle. For example, the pattern of cardiac TnC expression in developing atria and ventricles and developing skeletal muscle is not fully understood. This is especially important in light of recent physiological data that demonstrate that changing the TnC content of both cardiac and fast skeletal muscles alters the force generation characteristics of striated muscle. 12 -13 Immunochemical analysis has suggested that embryonic fast skeletal muscles of the chicken and rat express a TnC antigenically similar to the slow/cardiac isoform, whereas the adult muscles are thought to synthesize only TnC recognized by anti-fast skeletal TnC antibodies. 4 -6 In contrast, Bucher et al 14 have recently shown the presence of the slow/cardiac TnC transcript in adult quail pectoralis muscle. Maisonpierre et al 15 and Putkey et al 8 isolated TnC complementary DNA (cDNA) from embryonic quail and chicken fast skeletal muscle, but the putative "slow/cardiac" TnC isoform has not been isolated from the heart nor has a detailed examination of cardiac TnC expression in the atria and ventricles been reported.
In the present study, we report the cloning and characterization of cardiac TnC from the chicken heart and the analysis of TnC expression in cardiac and skeletal muscle. Our data demonstrate that cardiac TnC shares great homology with a slow/ cardiac TnC cDNA isolated from a fast skeletal muscle library and shows significant divergence from the fast skeletal isoform. Northern blot analysis reveals the constitutive expression of cardiac TnC in the atria and ventricles of the heart. This, along with our previous immunochemical data, demonstrates that the cardiac isoform is the only TnC expressed in the diverse myocyte types of the heart (i.e., atrial and ventricular myocytes). In contrast, hybridization of cDNA clone pCTnCl with skeletal muscle RNA demonstrated that cardiac TnC expression is developmentally regulated in fast skeletal muscles and is down-regulated to a degree in adult muscle and suggests that control of cardiac TnC expression is governed, at least in part, by a transregulatory system that varies in cardiac and skeletal muscles.
Materials and Methods

Preparation of RNA
For the preparation of cDNA libraries, total cellular RNA was extracted from 19-day embryonic chicken atria and ventricles by guanidinium isothiocyanate procedure 17 and followed by cesium chloride centrifugation. 18 Total polyadenylated RNA was selected by oligo(dT) cellulose. 19 RNA for Northern blot analysis was prepared from atria, ventricles, pectoralis, and medial gastrocnemius muscles as previously described. 20 
Construction ofgtll Cardiac cDNA Libraries
Atrial and ventricular poly-A+ RNAs were used to synthesize first-strand cDNA with oligo(dT) as a primer. Subsequent steps were completed with standard procedures. 21 After EcoRl endonuclease digestion of the double-strand, EcoRl-linked cDNA, the double-stranded cDNA was fractionated on a 10-ml Sepharose-CL4B column to isolate the largest cDNAs (average length, 1.5 kilobases). These fractions were ligated into gtll (Gigapack, Vector Cloning Systems, San Diego, California), packaged, and used to infect host bacteria (Y1088-aod Y1Q90).
Antibody Production and Immunochemical Screening of cDNA Libraries and Fusion Peptides
Antisera against chicken cardiac TnC were raised in rabbits as described previously. 6 The sera were further absorbed by Escherichia coli Y1090, Y1088, and JM103 and used for the screening of the gtll expression library. 22 Assays for the production of a fusion peptide were performed as previously described. 23 
DNA Sequencing
The DNA sequence of the immunologically identified cDNAs were determined for both cDNA strands by the dideoxy-chain termination method of Sanger et al. 24 
RNA Transfer and Hybridization
Total cellular RNA was isolated from atrial, ventricular, and skeletal muscles at various stages of development and from the adult chicken (as described above), electrophoresed on 1.5% or 2.5% agarose gels in the presence of 6% formaldehyde, 25 and transferred to nitrocellulose paper. 26 Blots were pretreated and hybridized with multiprimed radiolabeled TnC cDNA (lO'-lO 8 cpnV/ig). 27 The hybridization was performed at 42° C for 16-24 hours. Filters were washed (x2 standard saline citrate [SSC], 0.1% sodium dodecyl sulfate [SDS], 30 minutes at room temperature; xO.l SSC, 0.1% SDS, 60 minutes at 65° C, two changes; and xO.l SSC, 5 minutes at room temperature) and used to expose x-ray film.
Results
Isolation and Characterization of Cardiac TnC Clones
In an effort to isolate TnC isoforms expressed in the heart, cardiac cDNA libraries were screened with an antiserum specific for cardiac TnC ( Figure  1 , lanes a and b). 6 One recombinant (referred to as pCTnCl) having an insert that coded for a peptide reactive with this antibody was selected from approximately 1.8 x 10 4 recombinants. To confirm the immunologic identification of the cDNA clone, the fusion peptide of galactosidase and the insert was examined by the immunoblot assay. Synthesis of a 150,000 M r protein that bound the antibody was detected in the presence of isopropylthiogalactoside (IPTG) (Figure 1, lane c) . The production of this peptide was suppressed in the absence of IPTG ( Figure 1 , lane d). Other proteins reactive with the antiserum were expressed by bacteria. These proteins were approximately 30,000 and 25,000 M^ Since their production was independent of IPTG, this reactivity was felt to be nonspecific.
The cDNA insert from pCTnCl was excised by digestion with EcoRl and Pstl, purified, and subcloned into M13 in both orientations ( Figure 2 ). Both strands of the cDNA insert were sequenced and found to yield a 657 bp sequence ( reading frame extending from residue 1 to the TAA termination signal ending at residues 502-504 (Figure 3 ). The first ATG in the sequence was found at position 19-21, which was in the open reading frame. This ATG corresponded to the true initiation codon since the derived amino acid sequence following the ATG matched the amino acid sequence of bovine cardiac TnC determined by Edman degradation. 3 The only amino acid different from the bovine cardiac TnC was at position 93 (threonine for serine). Therefore, pCTnCl coded for a TnC of 161 amino acids with a mass of 18,473 Da. The 3' noncoding region contained a poly-A tail of 11 bases preceded by a polyadenylation signal (AATAAA). The 5' noncoding region was CG rich and contained no A residues (Figure 3 ). The nucleic acid and derived amino acid sequences of pCTnCl were compared with two TnC cDNAs isolated from 8 only one nucleic acid substitution was found in the protein coding region (position 438, C for G), and minor variations in the 5' and 3' noncoding regions were noted (nucleotide additions at positions 11 and 638, one deletion at position 511, and nucleotide replacements at positions 555, 560, and 608). In contrast, significant divergence of both nucleic and amino acid sequences were observed between pCTnCl and the fast skeletal isoform. The size and composition of 5' and 3' noncoding regions exhibited extreme heterogeneity. 16 In the coding regions of the two transcripts, the greatest degree of divergence was noted in the sequences coding for the first calcium binding domain (amino acids 1-43). The derived amino acid sequence of pCTnCl predicts the loss of cation binding of domain I in pCTnCl. While significant diversity of pCTnCl and the fast skeletal isoform was seen in the nucleic acid sequences coding for domains II-FV, the basic structure of divalent cation-binding proteins was retained ( Figure 3 ).
Expression of Cardiac TnC in Cardiac and Skeletal Muscles
To examine cardiac TnC expression in the heart, total cellular RNA was isolated from atria and ventricles from embryonic day 5 (a stage at which distinct atrial and ventricular tissues can be isolated) to day 19 and hybridized with ^-labeled cDNA insert from pCTnCl in Northern blot analysis. As seen in Figure 4 , a strong hybridization signal was detected in both atrial and ventricular tissues during the entire embryonic period. In addition, nearly equivalent message levels were detected in RNA isolated from atrial and ventricular tissues from 19-day embryonic and adult hearts ( Figure 5) . To determine the level of expression of cardiac TnC in developing and adult skeletal muscles, RNA from 19-day embryonic pectoralis (fast fibers) and medial gastrocnemius (mixed fast and slow fibers) was hybridized with pCTnCl and washed under conditions identical to those used above (i.e., high stringency). Under these conditions, both embryonic skeletal muscle RNA preparations hybridized strongly with pCTnCl, whereas only the adult medial gastrocnemius contained cardiac TnC transcripts at significant levels ( Figure 5 ). At longer film exposures, hybridization of pCTnCl with RNA from adult pectoralis muscle is observed. Cardiac TnC message levels in the pectoralis muscle drop somewhat during the first weeks after hatching (N. Toyota, unpublished data). These data demonstrate that expression of the cardiac TnC isoform is constitutive in both atrial and ventricular muscles but that its expression is developmentalry regulated in fast skeletal muscles. 
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Discussion
We have isolated a full-length cDNA coding for the chicken cardiac TnC from a gtll cardiac cDNA library. The nucleotide sequence of pCTnCl has varying similarities with TnC cDNAs isolated from chicken pectoralis muscle TnC. 816 The coding region of pCTnCl is identical to that of slow/cardiac cDNA with the exception of position 438 (C for G), and the amino acid sequences are identical. The 5' and 3' nontranslated regions of the pCTnCl and slow skeletal muscle TnC also showed strong sequence conservation although minor variation was noted. These substitutions most likely represent variations in the strain of bird since the slow/cardiac TnC gene is thought to be single copy 8 (our data not presented). In contrast, the sequences of pCTnCl and fast skeletal cDNAs show significant divergence especially in 5' and 3' noncoding regions and specific coding regions. The greatest divergence of deduced amino acid sequence occurs in the first 35 residues (Figure 3 ), which in large part make up the first of four metal-binding domains of TnC. 3 occupied by magnesium at physiological conditions). Although there is significant "drift" in the nucleic acid sequence coding for domains II-FV, the basic amino acid structure of most calcium-binding proteins has been retained. Northern blot analysis with pCTnCl demonstrates the expression of slow/cardiac TnC in the atria and ventricles throughout development and in the adult heart. This, along with our previous work that demonstrates that skeletal TnC is not present in the heart, 6 reveals that the cardiac isoform is the only TnC expressed in the heart. The exclusive expression of cardiac TnC in the atria and ventricles is in contrast to the expression of many other cardiac myofibrillar proteins in which several variants of the same protein are expressed in a developmentally regulated 6 ' 28 -29 or tissue-specific manner. 30 " 32 The tightly regulated expression of cardiac TnC in the diverse muscle types of the heart along with the nearly invariant structure of cardiac TnC in various species suggests a physiologically significant role of this protein in cardiac function. When Sr 2+ is used as the divalent cation, the replacement of cardiac TnC in the heart with the skeletal isoform changes the relative cooperativity of cardiac muscle to a pattern observed in skeletal muscle. 12 In addition, recent evidence suggests that replacement of cardiac TnC in the heart with the fast skeletal isoform alters force generation in cardiac muscle under calcium control 13 and that TnC may be a basis for Starling's law of the heart. 33 Thus, although the atria and ventricles of the heart have the potential for varied contractile behavior due to their varied myosin composition, 30 -31 the invariant cardiac TnC component may play a significant role in coordinating the contractile activity of the diverse cardiac myocyte types of the heart.
The strict regulation of cardiac TnC expression in the heart is in contrast with that observed in fast skeletal muscles in which cardiac and skeletal isoforms are observed. 4 -6 -8 ' 1 '' The present data demonstrate that cardiac TnC is expressed at high levels in embryonic and at lower levels in adult chicken pectoralis muscle and that cardiac TnC is present in reduced but significant levels in the adult medial gastrocnemius muscle ( Figure 5 ). The retention of slow/cardiac TnC in the latter muscle is most likely due to the presence of slow fibers in this muscle. These data are in agreement with previous immunochemical data that showed the disappearance of the cardiac TnC protein in developing fast muscle fibers during development. 4 -6 These data also agree with protein structural data, which determined that the fast skeletal isozyme predominates in adult chicken breast muscle. 5 Although Putkey et al 8 have isolated a slow/cardiac TnC cDNA from a 3-week posthatching chicken breast muscle library and demonstrated the expression of slow/cardiac transcript in the pectoralis muscle at 3 weeks posthatching, our data demonstrate that slow/cardiac TnC mRNA is not present in large amounts in the adult animal. Recently, Bucher et al 14 have demonstrated that the pectoralis muscle of the adult quail expresses slow/ cardiac TnC at high levels. It is of interest to note that while cardiac TnC RNA is present in adult muscle, cardiac TnC protein does not accumulate.
The down-regulation of cardiac TnC protein in developing chicken fast muscle may be significant in light of recent data that demonstrate that replacement of skeletal TnC with the cardiac isoform in adult fast muscle drastically reduces the force generation of the muscle. 12 Thus, removal of the cardiac isoform that binds only one mole of calcium per mole TnC may play a significant role in the acquisition of the adult phenotype of fat skeletal muscle. The expression of cardiac TnC in striated muscles suggests that transcription of this gene is controlled at least in part by a transregulating system that varies during the development of a single skeletal muscle or differential mRNA translation but is invariant in the heterogeneous myocyte types of the heart.
